The circadian control of cellular processes in cyanobacteria is regulated by a posttranslational oscillator formed by three Kai proteins. During the oscillator cycle, KaiA serves to promote autophosphorylation of KaiC while KaiB counteracts this effect. Here, we present a crystallographic structure of the wild-type Synechococcus elongatus KaiB and a cryo-electron microscopy (cryoEM) structure of a KaiBC complex. The crystal structure shows the expected dimer core structure and significant conformational variations of the KaiB C-terminal region, which is functionally important in maintaining rhythmicity. The KaiBC sample was formed with a C-terminally truncated form of KaiC, KaiC-Δ489, which is persistently phosphorylated. The KaiB-KaiC-Δ489 structure reveals that the KaiC hexamer can bind six monomers of KaiB, which form a continuous ring of density in the KaiBC complex. We performed cryoEM-guided molecular dynamics flexible fitting simulations with crystal structures of KaiB and KaiC to probe the KaiBC protein-protein interface. This analysis indicated a favorable binding mode for the KaiB monomer on the CII end of KaiC, involving two adjacent KaiC subunits and spanning an ATP binding cleft. A KaiC mutation, R468C, which has been shown to affect the affinity of KaiB for KaiC and lengthen the period in a bioluminescence rhythm assay, is found within the middle of the predicted KaiBC interface. The proposed KaiB binding mode blocks access to the ATP binding cleft in the CII ring of KaiC, which provides insight into how KaiB might influence the phosphorylation status of KaiC.
Introduction
The cyanobacterial clock is an elegant nanomachine that maintains remarkable synchronicity despite cell division and temperature fluctuations and can be entrained by light/dark cycles possibly involving light-driven changes in energy metabolism [1, 2] . Synechococcus elongatus contains one of the simplest clocks in which three proteins, KaiA, KaiB, and KaiC in the presence of ATP, form a posttranslational oscillator (PTO) [3] . In vitro, this clock ticks through daily cycles of KaiC phosphorylation and dephosphorylation for up to 10 days in the absence of a translation-transcription feedback loop [4] . This clock is temperature compensated [3, 5] , which minimizes the role of daily environmental fluctuations, remains accurate during cell divisions, and has a built-in ratcheting mechanism to ensure that the in vitro KaiABC reaction is unidirectional [6, 7] . Study of this system, including crystal structures of individual proteins and evaluation of protein-protein interactions, has revealed salient features of the PTO and its relationship to a translation-transcription feedback loop for modulation of transcriptional oscillation of clock-regulated genes [6] . During the course of a single PTO cycle, there is a strict order of phosphorylation and dephosphorylation of KaiC. KaiA promotes KaiC phosphorylation first at T432 and subsequently at S431 [8, 9] . KaiB is then recruited to the KaiA-KaiC complex, which sequesters KaiA, and allows the circadian cycle to proceed [9] [10] [11] [12] . KaiC dephosphorylates, at least partially via ADP phosphotransferase activity [13, 14] , pT432 first followed by pS431, which returns KaiC to the initial state of the cycle [3] . Throughout the oscillation cycle, KaiC exists as a population differentiated by the ratios of various states (monomeric and hexameric KaiC, KaiAC, KaiBC, and KaiABC). Synchronicity is maintained in part by subunit exchange of the KaiC hexamer with the free monomers within the cell [15, 16] and by KaiA sequestration [9, 12, 17] . In vivo, the histidine kinase SasA relays the phosphorylation state of the PTO to transcription factors, including RpaA and RpaB, to influence global transcription rhythms [18] [19] [20] .
The S. elongatus KaiC crystal structures of wild type, mutants, and phospho-mimics reveal a hexamer, forming a "double-doughnut" of stacked N-terminal CI and C-terminal CII rings (KaiCI and KaiCII) with a central channel, and two main phosphorylation sites, S431 and T432, at the subunit interface [21, 22] . Despite a high degree of homology between the two KaiC domains, they appear to have distinct functions. The CI domain may act as an input-independent timer and the CII domain may sense the ATP/ADP ratio in the cell [23] . The KaiC hexamer binds 12 ATP molecules, one between each subunit interface in both the CI and CII rings [24] . The S. elongatus KaiA crystal structure shows a dimer with a domain-swapped arrangement [25] . KaiA binds the KaiCII ring via the KaiC C-terminal tails and stimulates KaiC autokinase activity [22, [26] [27] [28] . KaiB interacts with the phosphorylated form of KaiC and facilitates the return of KaiC to the unphosphorylated state [29] . In crystals and in solution, KaiB forms a tetramer [30] [31] [32] [33] . The component protein structures provide a good starting point for biophysical characterization of the assemblies formed by this nanomachine during the PTO cycle.
The KaiBC complex has been studied by electron microscopy (EM) [33] , small-angle X-ray scattering (SAXS) [11, 34] , and most recently by EM with gold labeling of KaiC in complex with KaiB [35] . In the first SAXS study, a tetrameric state of KaiB was assumed from the existing crystal structures [34] . In contrast, the first EM study of KaiBC clearly showed a third layer of density above the KaiC hexamer and with a shape appropriate for two KaiB dimers [33] . The finding that KaiB binds KaiC as a dimer was unexpected because all KaiB crystal structures show a tetrameric state [30] [31] [32] [33] . A more recent SAXS study of KaiB alone and in complex with KaiC confirmed a tetrameric state for KaiB in solution and a dimeric state in the KaiBC complex [11] . Modeling of this KaiBC SAXS envelope with a pair of KaiB dimers, a single tetramer, or a pair of tetramers indicated a best match with two KaiB dimers bound to the KaiC hexamer, consistent with the EM-based model [33] .
The similarity of the two ends of the KaiC hexamer, the CI and CII rings, has made the question of where KaiB binds on the KaiC hexamer difficult to answer and has led to a continuing debate. In the Akiyama et al. SAXS study, it was supposed that KaiB binds to the CII ring of KaiC on the basis of the KaiC C-terminal tails, which were assigned within the low-resolution SAXS envelope on the same side of the complex as KaiB [34] . A few months later, a native PAGE assay of the individually expressed S. elongatus KaiC CI and CII domains indicated that S. elongatus KaiB binds CII but not CI [33] . In a more recent SAXS study by Pattanayek et al., the envelope for KaiC in solution showed the KaiC C-terminal tails protruding from the CII side of the hexamer [11] . In the KaiBC SAXS envelope of the same study, the KaiC C-terminal tails were docked between two KaiB dimers modeled on the CII side of the hexamer to produce a model that agreed with the SAXS envelope. The question of where the KaiB binding site is located on the KaiC hexamer was revisited by Chang et al. with gel-filtration chromatography and NMR binding experiments [36] . Their results indicated that a mutated form of Thermosynechococcus elongatus KaiB, which preferentially assembles as dimers in solution, formed detectable complexes with an individually expressed form of the KaiC CI domain, but not with the individually expressed KaiC CII (S431 mutant) domain. These results led them to propose that KaiB must bind to the CI ring of the intact KaiC hexamer. Phong et al. have shown that KaiC with two catalytic mutations in the CI ring, E77Q and E78Q, does not bind KaiB [23] . The location of these mutations is within the middle of the CI ring, rather than on the surface of KaiC, suggesting that their effect must be transferred to the KaiB binding site on KaiC. Most recently, EM studies of KaiB in complex with KaiC S431D mutant hexamers with C-terminal His6 tags labeled with nickel(II) nitrilotriacetic acid gold nanoparticles (Ni-NTA-Nanogold) showed that the dense gold particles are located on the same side as KaiB [35] . This work provides direct evidence for KaiB binding on the CII ring of the KaiC hexamer, which places KaiB close to the main KaiC phosphorylation sites, and near the KaiA binding site on the KaiC C-terminal tails.
Critical interactions between two loops of a KaiC subunit are disrupted upon KaiA binding [26] . This local disruption is propagated to neighboring KaiC subunits, leading to enhanced flexibility within the KaiC CII ring and increased phosphorylation of KaiC. The action of KaiA in promoting KaiC phosphorylation is opposed by KaiB and may involve sequestration of KaiA in a ternary KaiABC complex, in which KaiA has an alternative binding mode to KaiC or KaiBC [11] . The molecular mechanisms underlying the action of KaiB on KaiC and the KaiABC complex are poorly understood. Knowledge of the protein-protein interface between KaiB and KaiC would help elucidate the molecular mechanisms underlying the action of KaiB during the PTO cycle. We present a crystal structure of wild-type S. elongatus KaiB and a cryo-electron microscopy (cryoEM) structure of a KaiBC complex. We used molecular dynamics flexible fitting (MDFF) simulations to examine the protein-protein interface of KaiB relative to KaiC. We propose that six KaiB monomers interact with a KaiC hexamer at the KaiCII side and effectively block the ATP binding clefts on KaiCII.
Results
Crystal structure of S. elongatus KaiB Crystal structures of the KaiB proteins from the cyanobacteria Anabaena [30] , Synechocystis [31] , and T. elongatus (T64C mutant [32] and wild type [33] ) were previously determined. In all cases, the protein forms a dimer of dimers with the core (amino acids Y7-Y93; S. elongatus KaiB numbering) of monomeric subunits and the tetramer adopting very similar conformations in all four structures, consistent with highly conserved sequences across species in that region ( Fig. S1 ). Crystals of S. elongatus KaiB were grown from mixtures of the KaiB and KaiC proteins, and the structure was determined by molecular replacement at a resolution of 2.6 Å. The asymmetric unit in space group C2 reveals a single tetramer ( Fig. S2 ) and, except for six N-terminal residues from subunit a, all 102 residues for subunits a to d could be built into the electron density. Examples of the quality of the final electron density are depicted in Fig. 1a and b, and selected data collection and refinement parameters are summarized in Table 1 .
The KaiB dimer resembles a trapezoid with a base dimension of ca 60 Å, a height of 30 Å, and a thickness (Y7-Y93 core) of ca 30 Å ( Fig. S2a) . However, N-and C-terminal tails from subunits a/c and b/d (a/b, dimer 1, and c/d, dimer 2) jut out on opposite sides of the more or less flat KaiB tetramer, thus approximately doubling the thickness of the assembly (Fig. S2b ). Within the monomer, residues Y7 and Y93 stitch together two β-strands six and eight residues from the N-and C-termini, respectively. These tyrosines also play a key role in the stabilization of the dimer-dimer interface, where they form mostly hydrophobic contacts ( Fig. S3 ). Their importance in the formation of the dimer of dimers is supported by the fact that the KaiB Y7,93A double mutant was found to exist predominantly in the dimeric form [36] . N-and C-terminal tails extend in a wishbone-like arrangement from the Y7-Y93 core structure ( Fig. 1c and d; Fig. S2b ), and no direct association between the first six and the last eight residues appears to exist in the 102-residue monomeric subunits. While core residues are highly conserved in KaiB proteins from diverse cyanobacteria, the lengths and sequences of the C-terminal region vary widely ( Fig. S1 ). Clustered acidic residues represent a common feature, and Iwase et al. previously demonstrated that glutamates and aspartates in the KaiB C-terminal tail play a critical role in maintaining rhythmicity [32] . However, without high-resolution structures of the binary KaiB-KaiC and/or the ternary KaiA-KaiB-KaiC complex, it has remained unclear how KaiB C-terminal residues influence clock period and amplitude. Thus, it is possible that the tail simply affects the dimertetramer equilibrium [37] , whereby only dimers interact with KaiC. Alternatively, the KaiB C-terminal region could somehow affect the course of KaiC dephosphorylation by interfering with the KaiC active site at subunit interfaces or serve to enhance the interaction between the KaiB-KaiC complex and KaiA near the end of the daily clock cycle [11] . A superimposition of monomeric subunits from the S. elongatus KaiB crystal structure illustrates significant conformational variations of the C-terminal region ( Fig. S4 ).
CryoEM structure of the KaiB-KaiC complex formed with KaiC-Δ489
KaiB forms a complex with KaiC hexamers following autophosphorylation of KaiC at serine 431 [8, 38] . During circadian oscillation, this site is transiently phosphorylated, and less than 30% of the KaiC hexamers are in complex with KaiB [16] . To enrich for the KaiB-KaiC (KaiBC) complex for cryoEM structure determination, we investigated complexes assembled with three mutant forms of KaiC. Two mutants, KaiC-S431E-T432E and KaiC-S431D, are phosphomimetic mutants while the third, KaiC-Δ489, is a truncation mutant lacking 30 amino acids from the C-terminus. This C-terminal truncation results in a mutant form of KaiC that is hyperphosphorylated [27] and forms a stable complex with KaiB [12] . Micrographs of a negatively stained KaiBC sample formed with KaiC-S431E-T432E showed a high background level of a protein about the size of a KaiC subunit. This suggested that the KaiC-S431E-T432E hexamer might not be stable in the presence of KaiB. Native-PAGE analysis of this sample confirmed that approximately 10-30% of KaiC is in the monomeric form [12] . Cryo-electron micrographs of the KaiBC sample formed with the second form of KaiC, KaiC-S431D, displayed a preferred orientation for the complex with the predominant view along the 6-fold axis of the KaiC hexamer (top view). Cryoelectron micrographs of the KaiBC sample formed with the third form of KaiC, KaiC-Δ489, displayed the best properties for a cryoEM structural analysis, with reasonably uniform and well-dispersed particles. Therefore, we collected a cryoEM data set of this third complex with a total of 195,226 particle images.
In order to select subsets of particle images with high KaiB occupancy, we performed an Eigenimage analysis similar to that performed for GroEL by Clare et al. [39] . This led to the selection of side-view particles and further sorting of the sideview particle images with high KaiB occupancy (~60%) or low KaiB occupancy (~40%). Reference free image classification was performed on both subsets followed by three-dimensional structure calculation without imposed symmetry using a 30-Å filtered representation of the KaiC crystal structure (amino acids 14-489) as the starting model. The high KaiB occupancy subset resulted in a class-average-based structure with a third layer of KaiB density, whereas the low KaiB occupancy subset resulted in a structure resembling KaiC without the third layer of density ( Fig. S5 ). Projections of the high KaiB occupancy class-averagebased structure resemble the matching class averages of this subset ( Fig. 2a ). During refinement of the particle images in the high KaiB occupancy subset, it became apparent that the KaiBC structure displayed approximate 6-fold symmetry for both the KaiB and KaiC density layers, and therefore C6 symmetry was imposed for the remaining refinement rounds. The best structure generated from the high KaiB occupancy subset was used as a search model for one round of systematic parameter search against the full data set (including top, side, and tilted views). We reasoned that since 60% of the side-view particle images were sorted with the high KaiB occupancy subset, probably~60% of the full data set also had high KaiB occupancy. Therefore, we selected~50% of the total data set, those particles with the highest cross-correlation values with the search model, to produce a final C6 symmetrized structure with a resolution of 16 Å at the Fourier shell correlation (FSC) 0.5 threshold (13 Å at the FSC 0.143 threshold) ( Fig. 2b) .
Overall, the cryoEM structure of KaiB-KaiC-Δ489 resembles the negative-stain EM KaiBC structure [33] but with a more complete ring of density assigned to KaiB. Presumably the negative-stain structure represents an average of particle images with various levels of KaiB occupancy, and the Eigenimage analysis of the cryoEM data set served to select a more uniform subset of particle images. The previous negative-stain EM KaiBC structure formed with wild-type KaiC did not show the flexible C-terminal tails of KaiC, which protrude from the CII end of KaiC, probably because of a high degree of conformational flexibility. Both the negative-stain EM and cryoEM structures display a double-doughnut shape recognizable as KaiC. The strong similarities between the two structures provide confidence that the truncation of KaiC did not adversely affect the binding location of KaiB or the overall conformation of the KaiBC complex. Both structures show a third layer of density assigned to KaiB; however, the cryoEM structure shows KaiB density of the appropriate size for a KaiB monomer above each KaiC subunit ( Fig. 2b ).
Docking of KaiB and KaiC crystal structures into the KaiB-KaiC-Δ489 density
To gain insight into the structural basis for how KaiB might influence the phosphorylation status of KaiC as well as promote the release of KaiA from a KaiABC complex, we built molecular models for the KaiBC complex. Given the nearly symmetrical shape of the KaiC hexamer and the absence of helical density rods within the cryoEM structure, it was not possible to determine from the cryoEM structure alone whether KaiB binds to the N-terminal CI or C-terminal CII end of the hexamer. However, we noted that the strongest cryoEM density within KaiC was farthest from the third layer of KaiB density, which would be consistent with the α-helices of the CI domain at this position ( Fig. S6 ). We have previously presented indirect evidence that KaiB binds to the CII ring of KaiC [33] . A recent negative-stain EM study, using KaiB and goldlabeled full-length KaiC, indicates that KaiB binds KaiCII [35] . Nevertheless, given the difficulty in distinguishing the two ends of KaiB by cryoEM, we built models for the KaiBC complex with KaiB interacting with either the CI or the CII end of KaiC.
An atomic model for KaiC-Δ489 was made by computationally removing 30 C-terminal residues from the KaiC crystal structure [Protein Data Bank (PDB) ID: 3DVL, amino acids 14-489]. In the crystal structure, four copies of Ser431 and all six copies of Thr432 are phosphorylated. These phosphorylated residues were retained, and the remaining two copies of Ser431 were computationally modified to the phosphorylated state with VMD 1.9 [40] . A fully phosphorylated form of KaiC was built because KaiB associates with phosphorylated KaiC more strongly than with non-phosphorylated KaiC [41, 42] . In addition, a KaiC double phospho-mimic, S431D-T432D, has been shown to be more favorable for KaiBC complex formation than a KaiC mutant that mimics the unphosphorylated state, KaiC-S431A-T432A [37] .
Two molecular models for KaiC-Δ489 were refined into the cryoEM density map using cryoEMguided molecular-dynamics-based flexible fitting with MDFF and NAMD [43, 44] . Both possible orientations of KaiC were tested, with the KaiC CI ring next to KaiB and the KaiC CII ring next to KaiB. Similar potential energies were obtained after MDFF simulations with KaiC docked in either orientation in the absence of KaiB. During MDFF, a standard potential energy function preserves correct stereochemistry, while application of an additional guiding force based on the cryoEM density map steers the coordinates into better agreement with the density. This hybrid cryoEM/ MDFF approach has been applied to several macromolecular complexes [45] . In the case of a cryoEM structure of human adenovirus in complex with coagulation factor X, an MDFF analysis led to identification of key residues at the interface, and one of these residues was confirmed by mutagenesis to be critical for the interaction [46] . For the KaiB monomer, we generated an atomic model lacking the C-terminal tail (cut after Y93) since the crystal structure of wild-type S. elongatus KaiB indicates that the tails are flexible ( Fig. S4 ). Also Murakami et al. have shown that truncation of the C-terminal tails of T. elongatus KaiB, which has 89% identity with S. elongatus KaiB, increases the binding affinity of KaiB for a hyperphosphorylated mimic of KaiC by a factor of 15 [37] . The KaiB monomer was manually docked into the third layer of cryoEM density with USCF Chimera [47] . The visually best fitting model ( Fig. 2b ) positioned the two longest α-helices of KaiB against KaiC. Eight reasonably well-fitting positions for KaiB were generated: four with the α-helices of KaiB against KaiC and rotated 90°with respect to each other, and four with the β-strand side of KaiB against KaiC and rotated 90°with respect to each other. All of the KaiB models were raised~5 Å above the KaiC surface before the MDFF simulations.
All eight positions of KaiB were tested with the two orientations for KaiC, with the CI or CII side interacting with KaiB, in 100-ps MDFF simulations. The nonbonded interaction energies between a KaiB monomer and the KaiC hexamer at the ends of the simulations are reported in Table S1 for all of the models. Within the set of eight models that have KaiB interacting with KaiCII, there is one most favorable orientation for KaiB (model 1), which has a nonbonded interaction energy of − 365 kcal/mol and a buried accessible surface area between a KaiB monomer and a KaiC hexamer of 2143 Å [2] (14% of the accessible surface of KaiB and KaiC; Table S1 ). The second best model with KaiB interacting with KaiCII has a less favorable nonbonded interaction energy (− 226 kcal/mol). Among the set of eight models that have KaiB interacting with KaiCI, there are three potentially favorable models (9, 11, and 13) based on the nonbonded interaction energy (− 305 to − 367 kcal/mol). However, visual examination of these models showed that KaiB interacted predominantly with a highly flexible loop on the CI surface of KaiC (amino acids 112-121) and did not form a large interaction surface with KaiC. All of the models with KaiB interacting with KaiCI had buried accessible areas of less than 1418 Å 2 (b 9% of the accessible surface of KaiB and KaiC; Table S1 ). Consideration of both the nonbonded interaction energy and the buried accessible surface area led us to choose model 1 as the most likely KaiBC model consistent with both the cryoEM density and the EM gold labeling study showing that KaiB binds to the CII side of KaiC [35] .
The robustness of the KaiBC interface indicated by model 1 was tested by rotating the KaiB monomer ± 10°a nd re-running the MDFF simulations. In both cases, the long α-helices of KaiB returned to essentially the same positions relative to the KaiCII surface and reformed the majority of the same residue-residue interactions with KaiC (Table S2 ). The robustness of the protein interface provides support for the selection of model 1 as a reasonable model for the KaiBC interaction.
KaiB monomers form a continuous ring in the KaiBC complex
The selected MDFF-refined model for KaiBC has a KaiB monomer interacting predominantly with one subunit of the KaiC hexamer and partially covering one ATP binding cleft on the KaiCII surface (Figs. 3 An MDFF-refined model with six KaiB monomers (green and cyan) forming a ring on the CII side of KaiC. The KaiB dimerization loops and short α-helices were removed to limit steric clashes before the MDFF simulation with all six KaiB monomers. and 4). During the MDFF simulation, the KaiB dimerization loop (amino acids 45-60) and adjacent short α-helix (amino acids 61-67) changed conformation to better fit the cryoEM density. In the process, the short α-helix moved into density corresponding to a neighboring KaiB subunit (Fig. 3a) . The cryoEM structure indicates that KaiB binds KaiC as a monomer. It seems reasonable that there would be a conformational change of the KaiB dimerization loop after binding of KaiB to KaiC; however, this is difficult to model in the absence of a high-resolution structure of a KaiB monomer. Therefore, we removed the dimerization loop and short α-helix (amino acids 45-69) of KaiB before building a KaiBC model with six KaiB monomers. An MDFF simulation with six KaiB monomers docked on the KaiC hexamer indicates that a model with six KaiB monomers bound to the CI side of KaiC is consistent with the cryoEM density (Fig. 3b ). The simulation also indicates that neighboring KaiB monomers are closely packed and form a continuous ring around the top of KaiC, further blocking the ATP binding clefts on the KaiCII surface. In fact, the modeled KaiB orientation places the N-and C-termini of each KaiB monomer in a position to interact with the neighboring KaiB monomer and potentially stabilize the KaiB ring (Fig. 3b ).
Key interaction residues at the KaiBC interface
The MDFF simulations indicate that the top 10 interaction residues on both KaiB and KaiC are mostly charged residues on the α-helices of KaiB and the CII surface of KaiC (Fig. 4) . On KaiC, the top interaction sites include residues on two adjacent KaiC subunits spanning an ATP binding cleft on the KaiCII surface. On KaiB, the top interaction residues are in the two long α-helices or within four residues of these helices. The MDFF-refined coordinates for the KaiBC interaction indicate that the core of one KaiB monomer sits mostly on one KaiC subunit and also overlaps with the adjacent clockwise KaiC subunit when viewed from the KaiCII surface (Fig. 4a ). Although the KaiB N-and C-termini were not included during the MDFF simulation, they are positioned in such a manner that they could interact with the adjacent counterclockwise KaiC subunit. If the predicted binding interface on KaiC is correct, then mutations on the KaiCII surface should affect KaiB binding. We have previously mutated KaiC residue R468 into a Cys (KaiC-R468C) [48] . Native gel electrophoresis shows that KaiB binds to both wild-type KaiC and KaiC-R468C; however, the affinity of KaiB for KaiC is slightly higher with the R468C mutant ( Fig. 5 ). Bioluminescence rhythm assays of the circadian clock performed with a cyanobacterial strain lacking the endogenous kaiC gene and expressing wild-type KaiC or KaiC-R468C indicate a long period (~55 h) for KaiC-R468C [48] . If the R468C mutation increases the stability of the KaiBC interaction such that KaiB forms a more stable ring on KaiC, this would be consistent with a longer period phenotype as it would presumably take longer for KaiB to dissociate. KaiC residue 468 is within the middle of the predicted KaiBC interface and between the two α-helices of KaiB (Fig. 5c ). The MDFF-based model of the KaiBC interaction presented here will be useful to guide future mutagenesis experiments to probe the KaiBC interface.
Discussion
A high-resolution structure of the KaiBC complex would be helpful in understanding the mechanistic underpinnings of the cyanobacterial circadian clock. In the absence of a crystal structure for the complex, we pursued a cryoEM structure of the complex and analyzed it with atomic structures for KaiB and KaiC and MDFF-guided molecular dynamics. We used a truncated form of KaiC (KaiC-Δ489) in an attempt to make more uniform KaiBC complexes for a cryoEM structural study. However, the KaiB-KaiC-Δ489 complexes display compositional heterogeneity with variation in KaiB occupancy, and they may have conformational heterogeneity as well. Even the KaiC hexamer alone does not possess exact 6-fold symmetry, as noted in the crystal structure [22, 24] . The dynamic nature of KaiC subunit exchange, which occurs at a higher rate when KaiB is bound, could lead to even greater asymmetry and structural variability for the KaiBC complex. All of these factors may have contributed to the determination of a cryoEM structure at only moderate (16 Å) resolution, despite a relatively large data set of~195,000 particle images.
The cryoEM structure was analyzed by MDFF simulations with 16 different starting orientations for KaiB. One KaiBC model was selected on the basis of the calculated nonbonded interaction energy and the buried accessible surface area. In the selected model, the two long α-helices of KaiB form the main interaction surface with KaiC. These helices are accessible in both the dimeric and tetrameric forms of KaiB (Fig. S3) . Therefore, while KaiB may initially [35] . The cryoEM and MDFF-based model for the KaiBC complex offers an explanation for the finding that truncation of the C-terminal tails of T. elongatus KaiB increases the binding affinity of KaiB for KaiC [37] . In the selected KaiBC model, the N-and C-terminal tails of KaiB are in a position to interact with a neighboring KaiB monomer bound to KaiC. However, this also means that if fewer than six KaiB monomers are bound to KaiC, the long C-terminal tails of KaiB (amino acids 94-102 for S. elongatus, amino acids 95-108 for T. elongatus) could block access to the remaining KaiC subunits. The KaiBC model also provides a rationale for how KaiB promotes the dephosphorylation of KaiC. The model shows that one KaiB monomer binds to two KaiC subunits and covers one ATP binding cleft on KaiCII. A complete ring of six bound KaiB monomers would cover all of the ATP binding clefts on this side of KaiC. The dephosphorylation mechanism of KaiC has been shown to involve a reversal of the phosphorylation reaction that places the phosphates from KaiC back onto ADP [13, 14] . Covering the ATP binding clefts would presumably block the entry of ADP and the release of ATP and stall the dephosphorylation reaction.
In summary, our goal was to gain more detailed structural information on the interaction of KaiB with KaiC. The cryoEM structure shows that KaiB forms a continuous ring of density on one side of KaiC. The 
Materials and Methods

Expression and purification of wild-type KaiB and KaiC-Δ489
The glutathione S-transferase (GST)-KaiB and GST-KaiC fusion proteins were expressed in Escherichia coli and purified by affinity chromatography followed by GST cleavage with PreScission protease (GE Healthcare) by gel-filtration chromatography as described in Refs. [41] and [16] . The KaiC-Δ489 and KaiC-R468C proteins were expressed as GST fusion proteins in E. coli DH5α cells and purified by affinity chromatography with glutathione agarose beads (Thermo Scientific) following GST cleavage with recombinant GST-human rhinovirus 3C protease and ion-exchange chromatography.
X-ray crystallography
Crystals for S. elongatus KaiB were grown from droplets containing 6.5 mg/mL KaiB-KaiC complex, 20 mM Tris (pH 7.8), 100 mM NaCl, 5 mM MgCl 2 , 1 mM ATP, and 2 mM β-mercaptoethanol. The reservoir solution was 100 mM sodium acetate, 500 mM sodium formate, and 5% glycerol (v/v). Crystals grew within a week at room temperature using the hanging vapor diffusion technique. They were mounted in nylon loops, cryo-protected in mother liquor containing 25% glycerol (v/v), and then flash frozen in liquid nitrogen. X-ray diffraction data were collected on the 21-ID-D beamline of the Life Sciences Collaborative Access Team at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). Data were integrated and scaled with the program HKL2000 [49] . The structure was determined by the molecular replacement technique using the program MOLREP [50, 51] and the T. elongatus KaiB structure with PDB 2QKE (dimer) as the search model. Initial refinement was carried out with the program BUSTER-TNT [52] and Nand C-terminal residues for the four subunits were gradually built into the electron density, followed by additional rounds of refinement with the program PHENIX [53] . The program Coot [54] was used for manual rebuilding. Water molecules were added gradually and isotropic/TLS refinement was continued with the program PHENIX with intermittent adjustments of side-chain torsion angles. A summary of crystal data, data collection, and refinement parameters is provided in Table 1 . Illustrations were generated with the program UCSF Chimera [47] .
Cryo-electron microscopy
KaiB-KaiC-Δ489 complexes were formed for EM studies as previously described for wild-type S. elongatus KaiB and KaiC [16] . KaiB-KaiC-Δ489 samples were applied to freshly prepared EM grids with homemade holey carbon film and to C-flat grids (Protochips, Inc.). After blotting with filter paper, the sample grid was plunged into ethane slush cooled by liquid nitrogen with either a homebuilt plunger or a Vitrobot (FEI Company). CryoEM images were collected on an FEI Polara microscope (300 kV, FEG) operated at liquid nitrogen temperature and using a Gatan UltraScan 4000 CCD camera. The majority of the data (159,952 particles) were collected with an absolute magnification of 254,669 × at 300 kV. An additional smaller set of data (35, 274 particles) was collected at 267,493 × at 200 kV. The defocus range for the entire data set was − 1 to − 7 μm.
Image processing
Individual particle images (195,226 total) were picked manually using in-house scripts that utilize EMAN subroutines [55] , and the stacks were subsequently binned to a pixel size of 2.32 Å for the majority of the data set (2.21 Å for the smaller subset). At the start of refinement, the initial estimates for microscope defocus and astigmatism parameters were calculated with CTFFIND3 [56] . The images were filtered, normalized, and band-pass filtered between 140 and 10 Å for MSA classification in IMAGIC [57] . During the MSA-CLASSIFY step, the worst 15% of the images were ignored. The majority of the data set (159,952 particles) were classified into 2000 class averages from which a subset of 360 class averages representing side views was selected. This subset was subjected to an Eigenimage analysis following a procedure applied to GroEL [39] . First, the selected side-view class averages were rotationally and translationally aligned, forming a reference set. Then, the particle images that formed the side-view class averages (21,937 particles) were extracted and rotationally and translationally aligned to the reference set. The aligned particle images underwent a round of MSA classification. One of the resulting eigenimages (Fig. S7) described the presence or absence of a third layer of KaiB in the particle images. This eigenimage was used for sorting the 255,000 × side-view particle images into two groups, one with high KaiB occupancy (12,527 particles) and the other with low KaiB occupancy (9410 particles). A similar Eigenimage analysis was performed on the data set collected with a magnification of 267,000 ×, and this resulted in smaller subgroups of side-view particle images with high KaiB occupancy (425 particles) and low KaiB occupancy (496 particles).
The larger 255,000 × subgroups underwent MSA classification, resulting in 1200 and 900 class averages for the high and low KaiB occupancy sets, respectively. Each set of class averages was processed with the 3D Fourier Space programs developed by Rubinstein that incorporate the gold standard refinement scheme † [58] . The initial starting model for both sets was a 30-Å filtered representation of the KaiC-Δ489 hexamer (amino acids . A third layer of KaiB density emerged in the structure for the set with high KaiB occupancy but not for the set with low KaiB occupancy (Fig. S5 ). Although no symmetry was imposed, the third layer of KaiB density appeared approximately 6-fold symmetric in the high KaiB occupancy structure (Fig. S5) . The refined class-average-based structure with high KaiB occupancy had a gold standard resolution of 29 Å at the FSC 0.5 threshold (21 Å at the 0.143 threshold). This class-average-based structure was used as the starting model for a systematic parameter search of the 12,527 particles in the high KaiB occupancy subgroup. After five rounds of refinement, the KaiB density still appeared approximately 6-fold symmetric (Fig. S5) . Therefore, the structure at the end of round five was rotated so that the 6-fold axis was along the z-axis, and a second systematic parameter search was performed. The cross-correlation (cc) values of the resulting parameter file were converted into Frealign style phase residuals (phase residual = 100 − cc value), and a C6 symmetrized map was calculated using FREALIGN [59] in iflag = 0 mode. Additional rounds of refinement were performed using the 3D Fourier Space programs and with C6 symmetric odd and even maps calculated with FREALIGN at the end of each round. This refined particle-image-based structure based on 11,415 particles had a gold standard resolution of 18 Å at the FSC 0.5 threshold (16 Å at the FSC 0.143 threshold).
The refined particle-image-based structure was used as the starting model for a systematic parameter search with all 159,952 particles collected with a magnification of 255,000 × and all 35,274 particles collected at 267,000 ×. The voxel size of the search model was appropriately adjusted for the 267,000 × data set with PROC3D in EMAN [55] . The selected particles from the two data sets with different magnifications were combined into one map using FREALIGN with the relmag parameter (relative magnification correction factor). Three different relmag values were tried, 0.99, 1.0, and 1.01. The best FSC curve was found with a relmag value of 1.0. The final map shown in Fig. 2 is C6 symmetrized, based on 98,932 particles (51% of 195,226 total particles), sharpened with a B-factor of − 1000 Å 2 and filtered with the Cref filter [60] . The resolution of the final map is 16 Å at the FSC 0.5 threshold and 13 Å at the FSC 0.143 threshold. The lowest spatial frequency used during 3D Fourier Space refinement was 140 Å. The highest spatial frequency was started at 30 Å in the initial round and maintained at two resolution shells below the resolution limit of the map, as assessed by FSC with the 0.143 criterion. The cryoEM structure has been deposited in the EM Data Bank EMD: 5672.
MDFF simulations
In preparation for MDFF simulations, an atomic model was generated for a C-terminally truncated form of S. elongatus KaiC-Δ489 starting with the crystal structure of the KaiC hexamer (PDB ID: 3DVL) and removing coordinates for the C-terminal tails (amino acids 490-519). Two copies of Ser431 were computationally modified to the phosphorylated state with VMD 1.9 [40] so that all Ser431 and all Thr432 residues were phosphorylated for the MDFF simulations. All 12 ATP molecules were retained in the structure for the simulations. An atomic model was generated for an S. elongatus KaiB monomer from the X-ray crystallographic coordinates. Given the observed flexibility for the S. elongatus KaiB C-terminal tails, the MDFF simulations were performed with a computationally C-terminally truncated form of the KaiB monomer containing residues 7-93 from chain A of the crystal structure.
The MDFF plugin for NAMD 2.8 and VMD 1.9 [40, 43, 44 ] was used to perform molecular dynamics simulations guided by the cryoEM density map. The MDFF simulations were performed with implicit solvent, the CHARMM force field, and a gscale factor of 0.3, which describes the strength of the external potential derived from the EM density map. The KaiC-Δ489 hexamer coordinates were docked into the cryoEM density in two different orientations, with the CI or CII ring toward KaiB, with UCSF Chimera [47] . MDFF simulations (100 ps each) were performed for both KaiC orientations, first in the absence of KaiB. Ten residues at the C-terminal end of KaiC moved into the KaiB density ring when KaiC was oriented with the CII ring toward KaiB, so these residues (amino acids 480-489) were computationally removed before the MDFF simulations with KaiB.
Eight different orientations of the KaiB monomer, four with the KaiB helices oriented toward KaiC and four with the KaiB β-stands oriented toward KaiC, were tested with each KaiC orientation. The four helix-down KaiB orientations and the four strand-down KaiB orientations were related by 90°. Visual assessment with UCSF Chimera [47] of the KaiBC models and the cryoEM density indicated that the helixdown orientations more closely resembled the cryoEM density than the strand-down orientations. In addition, models with other KaiB monomer surfaces docked next to KaiC did not fit the cryoEM density as well. The initial KaiBC coordinates were docked into the cryoEM density with UCSF Chimera [47] , leaving a small~5-Å gap between KaiB and KaiC. One-hundred-picosecond MDFF simulations were performed followed by 2000 steps of minimization. After the selection of one KaiBC model, two additional 100-ps MDFF simulations were performed with KaiB rotated by ± 10°from its selected binding orientation and raised~5 Å above the KaiC surface so that the protein interface would be reformed during the simulation. Finally, one MDFF simulation was performed with six docked KaiB monomers in the selected KaiB binding orientation, with KaiB raised~5 Å above the KaiC surface, and with the KaiB dimerization loop and short helix (amino acids 45-69) computationally removed to avoid steric clashes with neighboring KaiB monomers. The intermolecular nonbonded interaction energies between KaiC and KaiB subunits were evaluated with the NAMD Energy plugin in VMD [40] and the buried accessible surface area was measured with UCSF Chimera [47] . The MDFF simulations were performed on the Case Western Reserve University High Performance Computing Cluster.
KaiC R468C mutant binding assays
The KaiC-R468C mutant was first described by Xu et al. [48] . The binding reactions between KaiB and KaiC proteins were carried out at 3.4 μM of the wild type or KaiC-R468C with various concentrations (0-10 μM) of the wild-type KaiB in 20 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM MgCl 2 , 1 mM ATP, and 0.5 mM ethylenediaminetetraacetic acid at 30°C for 4 h. Native polyacrylamide gel electrophoresis was performed as previously described [61] . 170  Table S2 . Robustness of KaiBC interface after molecular dynamics flexible fitting runs with different starting KaiB orientations. The top ten interaction residues at the end of the MDFF simulation are listed in order of their contribution to the total nonbonded interaction energy between KaiB and KaiC (highest contribution on the left). Interaction residues in common between model 1 and the models with KaiB rotated +/-10° are highlighted in yellow.
Accession numbers
For the KaiC interaction residues, the chain is indicated after the residue number. 
A. KaiB interaction residues
